The subiculum is a pivotal but under-investigated structure positioned between the hippocampus proper and entorhinal and other cortices, as well as a range of subcortical structures. The subiculum has a range of electrophysiological and functional properties which are quite distinct from its input areas; given the widespread set of cortical and subcortical areas with which it interacts, it is able to influence activity in quite disparate brain regions.
Introduction
The hippocampal formation (HF) of the mammalian brain is conventionally defined as consisting of entorhinal cortex, dentate gyrus, Areas CA3 and CA1, and subiculum (O'Keefe & Nadel, 1978; Eichenbaum & Cohen, 2001) (Figs 1, 2 and 7). The early components of the HF have been extensively investigated at anatomical, neurophysiological, biochemical and behavioural levels. By contrast, the subiculum is comparatively under-investigated; consensus on its anatomical description and definition, for example, has only recently emerged (Brodmann, 1909; Lorente de No, 1934; Witter & Groenewegen, 1990; Amaral & Witter, 1995; O'Mara et al. 2001) . There is general agreement that the subiculum has three principal layers: a molecular layer, continuous with strata lacunosum-moleculare and radiatum of the adjacent hippocampal area CA1 field; an enlarged pyramidal cell layer containing the soma of principal neurons; and a polymorphic layer. The cell packing in the pyramidal layer of the subiculum is looser than that seen in hippocampal area CA1. The principal cell layer of the subiculum is populated with large pyramidal neurons: these are consistent in their shape and size and extend their apical dendrites into the molecular layer and their basal dendrites into deeper portions of the pyramidal cell layer. Among the pyramidal cells are many smaller neurons; these are considered the interneurons of the subiculum (Amaral & Witter, 1995) .
Hippocampal area CA1 sends its primary projection to all regions of the subiculum, which in turn projects to many cortical and subcortical targets (Figs 2 and 7).
The subiculum is therefore the major output structure of the hippocampus (Witter & Groenewegen, 1990;  the CA1 projection to the subiculum is organized in a simple pattern, with all portions of CA1 projecting to the subiculum, and all regions of subiculum receiving CA1 projections. Here, following Amaral et al. (1991), I use the term 'proximal CA1' to refer to the area bordering CA3 and 'distal CA1' for the area bordering the subiculum. The subiculum is similarly defined, with proximal subiculum bordering CA1 and distal subiculum bordering the presubiculum. To summarize these projections (Amaral et al. 1991; Fig. 3A) : cells in proximal CA1 project to distal subiculum, cells in mid-CA1 project to mid-subiculum and cells in distal CA1 project across the CA1-subiculum border into proximal subiculum.
Fibres arising in proximal CA1 travel to the subiculum mainly via the alveus and the deepest portion of the stratum oriens, whereas fibres originating in mid-CA1 do not enter the alveus but project to the subiculum through the deep parts of stratum oriens. The axons of distal CA1 cells travel directly to subiculum from all parts of stratum oriens (Amaral et al. 1991) .
Neurophysiological depth profiles of the CA1-subiculum projection, examining excitatory postsynaptic potentials evoked in the subiculum following stimulation of different sites by a bipolar stimulating electrode en route to hippocampal area CA1 of the rat in vivo , confirm this neuroanatomical analysis ). Stimulating electrodes were aimed at area CA1 and the recording electrodes at the dorsal subiculum; after passing primary visual cortex and corpus callosum, the electrode was allowed to settle in dorsal subiculum (Fig. 3B ). The stimulating electrode was then lowered slowly towards area CA1 of the hippocampus (Fig. 3B) .
Stimulation of the overlying cortex (either sensory or parietal cortex) did not produce a subicular response; the first subicular response was produced at the border of the cortex and cingulum. A large response was observed at the border of the cingulum and the alveus, characterized by a positive-going deflection in the subiculum (Fig. 3B ). As the electrode was lowered further, it entered CA1 stratum oriens; the response at this point was characterized by a potential reversal. A large negative-going deflection was observed as the electrode lowered to the deeper parts of the oriens layer and the pyramidal layer of area CA1 of the hippocampus. The negative-going response observed in the subiculum after stimulation of the deeper layers of the stratum oriens and the pyramidal cell layer of the hippocampus confirms the anatomical connection between the two structures. Fibres arising in proximal CA1 travel to the subiculum mainly via the alveus and the deepest portion of the stratum oriens, whereas fibres originating in mid-CA1 do not enter the alveus but project through the deep parts of the stratum oriens. Axons of distal CA1 cells travel directly to the subiculum from all parts of the stratum oriens (Amaral et al. 1991) . Combined single unit and morphological studies suggest that the CA1-subicular pathway is a monosynaptic projection (Gigg et al. 2000) , and that it returns a minor oligosynaptic projection to CA1 (Commins et al. 2002) . Finally, the subiculum receives cortical inputs from the entorhinal, perirhinal and prefrontal cortices, to which it returns important and prominent projections; it also receives inputs from and distributes to some other secondary and tertiary cortices. The particular pattern of convergence of these many cortical inputs onto subicular neurons will, in the model developed below, play a key role in determining the response properties of, in particular, dorsal subicular neurons.
There are extensive reciprocal connections between the subiculum and many subcortical structures (and particularly to various hypothalamic nuclei; see Fig. 7 ).
Subcortical structures projecting to the subiculum include the ventral premammillary nucleus (to ventral subiculum), the medial septum/nucleus of the diagonal band, and all areas of the anteroventral (AV) and anteromedial (AM) nuclei of the thalamus (see Kohler, 1990; Canteras & Swanson, 1992; Risold et al. 1997) . There is also some limited evidence of brainstem projections to the subiculum, possibly deriving from brainstem vestibular nuclei (M. P. Witter, pers. comm.) . Ventral subiculum projects to the hypothalamus via the postcommissural fornix, the medial corticohypothalamic tract and the amygdala; these projections innervate the medial preoptic area, the ventromedial and dorsomedial nuclei, and ventral premammillary and medial mammillary nuclei. Lowry (2002) subiculum is to act principally to inhibit the HPA axis, and thus it plays a key role in terminating or limiting the response of the HPA axis to stress.
Are there other non-HPA axis-related subcortical inputs to the subiculum? A particularly interesting candidate system that may provide endpoint input to the subiculum is the vestibular system. Some studies have examined functional activation of subcortical subicular inputs using metabolic markers (c-Fos; Vann et al. 2000a,b) or electrophysiological recordings (Wiener et al. 1995) and are suggestive of a strong, movement-related input, which is activated during exploratory locomotion (King et al. 1998 ). Additionally, several lesion studies have found deficits in spatial learning after thalamic lesions (Aggleton et al. 1996; Wiest et al. 1996; van Groen et al. 2002) . The origin of these deficits is not clear, but anterior thalamic neurons reflect movement-and head-directionrelated information, and the latter is lost after vestibular system lesion. Vestibular system activation influences hippocampal formation unit activity in the rodent and primate (O'Mara et al. 1994; Zugaro et al. 2001) . Stimulation of vestibular regions induces field potentials in the hippocampal formation of anaesthetized guinea-pigs (Cuthbert et al. 2000) , and vestibular influences have been implicated in the updating of hippocampal maps during self-motion and in path integration. Lesions of the subiculum do not lead to deficits in spatial learning in the watermaze in the same fashion as do lesions of the hippocampus proper; rather, the effects of 'pure' subicular lesions on spatial learning appear to be more readily interpretable as deficits in heading and bearing on a target, in addition to a deficit in precise localization of the position of the hidden platform (Morris et al. 1990 ).
Synaptic plasticity in the CA1-subiculum pathway
Long-term potentiation (LTP) is a popular model of the synaptic plasticity that may be engaged by the biological processes underlying learning and memory (Martin et al. 2000; Lynch, 2004) . Most available studies of LTP have concentrated on the analysis of LTP occurring in 'early' components of the hippocampal circuit (for example, dentate gyrus and area CA1). Commins et al. 
Behavioural and endotoxic stressors and synaptic plasticity in the CA1-subicular pathway
A contemporary definition suggests stress involves heightened excitability or arousal, a perception of aversiveness and a lack of controllability over outcomes (Kim & Diamond, 2002) . The stress response is controlled by the HPA axis, which is substantially regulated by the hippocampal formation. Behavioural stress (e.g. is implicated in many neuropsychiatric disorders and depresses the immune system (for reviews see Kim & Yoon, 1998; McEwen, 2000; Fuchs & Flugge, 2003; Sapolsky, 2003) .
Although the subiculum substantially regulates the HPA axis stress response, the CA1-subicular axis is itself profoundly affected by behavioural and systemic stress. propensity to burst (see also Staff et al. 2000) . The analysis of unit firing against behavioural state revealed few significant differences between pre-and post-event flag firing rates, and these appeared to be related to arousal levels or movement. The ACHs for bursting, regular spiking, and the fast spiking unit classes are similar to those of Sharp & Green (1994) ; although the bursting units described here show more variation than Sharp (1997 Sharp ( , 1999 , it is possible that their 'depolarized bursters' are classified here as bursters. Sharp did not report theta- 1 Projections from the anterior cingulate to the dorsal hypothalamic area and lateral periaqueductal grey.
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Projections from the infralimbic and prelimbic cortices to the anterior hypothalamic nucleus, ventromedial hypothalamus and dorsolateral periaqueductal grey. ac, anterior commissure; AHNp, anterior hypothalamic nucleus, posterior part; AI, agranular insular cortex; AON, anterior olfactory nucleus; AP, anterior pituitary; B8, B8 serotonergic cell group, median raphe nucleus, interfascicular dorsal raphe nucleus; BSTMA, bed nucleus of the stria terminalis, medial division, anterior part; BSTMPI, bed nucleus of the stria terminalis, medial division, posterointermediate part; BSTMV, bed nucleus of the stria terminalis, medial division, ventral part; CA1, field CA1 of hippocampus; cc, corpus callosum; Cg1, cingulate cortex, area 1; CL, claustrum; DA, dorsal hypothalamic area; DEn, dorsal endopiriform nucleus; DLPAG, dorsolateral periaqueductal grey; DMNvl, dorsomedial hypothalamic nucleus, ventrolateral part; Ent, entorhinal cortex; IML, intermediolateral cell column; IL, infralimbic cortex; LHb, lateral habenular nucleus; LPAG, lateral periaqueductal grey; LSv, lateral septal nucleus, ventral part; MeAD, medial amygdaloid nucleus, anterodorsal part; MeApv, medial amygdaloid nucleus, posteroventral part; MM, medial mammillary nucleus, medial part; MPA, medial preoptic area; ox, optic chiasm; PaDC, paraventricular hypothalamic nucleus, dorsal cap; PeF, perifornical nucleus; PH, posterior hypothalamic area; Pir, piriform cortex; PMD, premammillary nucleus, dorsal part; PMV, premammillary nucleus, ventral part; PRh, perirhinal cortex; PrL, prelimbic cortex; PV, paraventricular thalamic nucleus; RCh, retrochiasmatic area; Re, reunions thalamic nucleus; ROb, raphe obscurus; RPa, raphe pallidus; S, subiculum; SChsh, suprachiasmatic nucleus, shell region; SPa, subparaventricular zone of the hypothalamus; SuMm, supramammillary nucleus, medial part; TM, tuberomammillary nucleus; VMH, ventromedial hypothalamic nucleus.
hippocampal area CA1 is the subiculum, subicular neurons do not show a clear place response when neuronal recordings are made under similar conditions to those of hippocampal neurons, despite the major input received from area CA1. By contrast, subicular neurons show multiple peaks of activity within an environment, and consistently are modulated by movement-related activity.
Why is this? Thus, my simple working model suggests that multiple CA1 place cells converge on single subicular neurons (perhaps up to four or five) and that there is convergence of movement information onto single subicular neurons. These separate inputs generate a combined place and movement signal. The multiple peaks of place-related activity reflect separate place cell inputs, whereas the movement signal is assumed to derive primarily from tonic inputs from CA1 inputs, in addition to inputs from other cortical sources that converge on entorhinal cortex (particularly parietovestibular cortical inputs that are responsible for the movement signal apparent in subiculum). A consequent prediction is that microlesions of the inputs from entorhinal cortex to subiculum will substantially reduce the movement modulation of subicular neurons (as will carefully placed microlesions in CA1, although these latter lesions will also reduce the spatial selectivity of subicular neuronal response). Overall therefore I suggest that dorsal subiculum is a site of integration between hippocampal spatial information and whole-body movement-related information (primarily cortical in origin). Finally, I assume that cortical inputs from other areas (particularly prefrontal and perirhinal cortices) are important determinants of subicular neuronal response, giving rise to the possibility of subicular neurons that combine spatial and working memory information and neurons that combine spatial and object information. There is some evidence for the former possibility (Deadwyler & Hampson, 2004) , but less for the latter (Anderson & O'Mara, 2003 , 2004 .
I assume here, along with Lowry (2002) , that ventral subiculum exerts a dynamic and inhibitory influence on the HPA axis, and therefore substantially orchestrates the stress response: Lowry suggests that '[N]o neural system is so exquisitely poised to limit the activity of the HPA axis, as well as the autonomic and behavioural elements of the stress response to unconditioned stimuli' as is ventral subiculum (Fig. 7) . The subiculum is therefore likely to have a pivotal role in the regulation of the response to stress: a straightforward prediction is that ventral subicular lesions should attenuate the HPA response to systemic and behavioural stressors, and this is what appears to occur (Mueller et al. 2004) . There is, however, a differential effect of subicular lesions on behavioural and systemic stressors, and the differing roles of the multiple regulatory sites responsible for the response to differing stressors need further elaboration. I assume further here that the prefrontal cortical inputs to the hypothalamus are to the same neurons of the same hypothalamic nuclei as are those of subicular neurons, but that these prefrontal inputs are primarily to excitatory neurons (allowing for a rapid activation of the HPA axis in response to evaluations of extero-or interoceptive stimuli). A straightforward prediction is that the prefrontal-hypothalamic projection should show synaptic plasticity, and the strong possibility that there potentiation of this pathway should lead to a collateral heterosynaptic depression of the subicular input to the same hypothalamic nuclei (I am assuming here that the functional roles of prefrontal cortical and subicular projections to the hypothalamus are opposed to each other: that the prefrontal input is excitatory and the subicular input is inhibitory).
What neuroanatomy has yet to tell us
The model presented here revolves around two key hypotheses ( 
Conclusions
Here I have reviewed some of the neurophysiological response properties and the neuroanatomy of the Fig. 8 A model of subicular function(s) (see text for full details). Here, synaptic transmission and anatomical connectivity run from left to right (a deliberate simplification); information of differing types (mnemonic etc.) derives from various anteceding cortical and subcortical circuits, and is projected to the subiculum, converging in particular patterns, thereby giving rise to differing neuronal response types. EC, entorhinal cortex; Hypo, hypothalamus; PRC, perirhinal cortex; PFC, prefrontal cortex; PC, parietal cortex. For simplification no details of distal-proximal distribution of fibres is provided (but these do vary). 
